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Revising last lecture 



In high-speed designs, conductors cannot be considered as simple 
interconnections. 

For a normal FR4 PCB material with a dielectric constant velocity of 
electromagnetic waves is 1 .41 m/s. Indicate the order of magnitude of PCB 

traces that can be considered simple connections when tianspoiting I GHz 

signals. 



, =.0 Ix = ins 1,41X10' xai X 10^ =1.41 nn 

' ' 1x10^ 



Hd en Q Sarmento F.LENT -MEEC 



^ 



pmtFnjTO íi^fíMP* TecN^cfl 



Signal Integrity 
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Outline 



SigtiLiI integrity 

Signal integrity for high speed design 

Fundamental concepts to understand signal integrity in high 
speed design: frequency/time, inductance, capacitance, mutual 
inductance, mutual capacianace, crosstalk, ground bounce, etc 
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Signal Integrity 



The signal integrity issue is in general and currently associated with high 
speed frequency (high speed signals). However, lhe signal integrity issue 
is not necessaiily related to frequencies. 

A signal integrity problem exists whenever tlie signal begins lo lose its 
quality. 

Two of llie more obvious and common ways a signal can lose integrity are: 

1- when it becomes distorted. Signal distortion typically means that the 
waveform of interest begins lo change shape. 

2- when the signal-to-noise ratio (S/N) begins to degrade. S/N issues 
come into play whenever an unwanted noise becomes detectable 
and/or interferes with the signal we aie concerned with. 

This second item is not directly related to frequency. 
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Signal Integrity 



Distortion typically means thai the wavefoi'in of interest begins to change 
shape. Ditferent Fourier components are diminished by different amoimts, 

- Analog signals can be very sensitive to disloilion. A change in the 
waveform will often be seen or heard. Audio systems specify harmonic 
distortion, which relates to the "purity" of tlie audio signal as it is 
processed 

S/N issues come into play whenevei' an unwanted noise becomes delectable 
and/or interferes with the signal we are concerned with. 

- Analog signals can be very sensitive to noise interference. For 
example, hearing the 50 Hz (electrical network) in the audio system is a 

signal integrity problem. 
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Signal integrity for high speed design 



Distortion 



*y 






Y{t) = cos{o)r) cosl^(f)i)-h-cos{5iOs) i:os(7 á}í}+ - 

Tn a real system square waves are nof peifect. Tliey are leally characterized 
by arise (fall) lime. 
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Signal integrity for higti speed design 



To reproduce signals with small rise (fall) time, high bandwidth is required 
for the system. 



H = S 



H = 3 





r [r I = coa{ivt )- -C05Í3 ail ) + -cosí.S ail \ 



Y[l) = c^i{if-")- -coi{3iiil]-i- -cQi{y oil)- —i:o&{l Stíi]+—coi^ ml)- —i:os{[\ tai)+ — c^s{\3on)- — <:^i^\5fOi] 
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Signal integrity for higti speed design 



■ Signal to noise issues 

— Conductors have inductance. The voltage generated across an inductor 
can be approximated 

dt r, 

— V gels laiger as 1^ gels smaller. V can be considered a noise voltage, 

— Similar analysis can be done for stray capacitance. 

• Therefore, signal integrity gets worse as rise tfall) time gets smaller 



s 
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Signal integrity for higti speed design 



Signal inlegriCy is not necessarily related to frequencies, but signal integrity 
becomes a problem: 

- when the system bandwidth limits rise (fall) times: distortion 

— when the rise time decreases to Ibe poinl where the pai'Jisilic inductances 
and capacitances begin to resuh in noise sigmils that become 
troublesome: S/N issues 
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Exercise 



How to compute the total harmonic distortion of a 
periodic signal? 

Periodic signal v^tj with riequency to 

v(f) = V^ sin iOr-\-V^ s\ti2iOt-bV^ s\n?>úX-\--\-V_^ sin4íyf + ■■ 



1 1 



y- u- V 



W ^' ^r 
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Frequency/Time 



• Aí low frequencies a wiie (a PCB trace) shoit two circuits, 

• At high frequencies tlie same wire can be an inductor. 

• From very low frequencies to high frequencies (very short intervals of 
time) elecljical pai'ameters change can occur. Example of a wire: 

■ at 1 kHZ R = 0.01 Q. Xl = 0íí 

• at 1 GHZ R= ID., X^ = 50ii 

• Few electrical parameters remain constant across 10/ 20 decades 

• Big changes in peiformance occur in electric circuits when pushed to the 
upper end of their operating frequency range. 

• How high range of frequency matters? 
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Frequency/Time 



Power spectral density (PSD) of a random digital pulse train 
with t^ = 0.01 xT^LK 




■ Nulls at multiples of f^- 



.5 65 



LK 
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Frequency/Time 
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0.5 



The amplitude (in dB ) decreases at a rate of 20 dB per decade for F < F|^^p 
At Fj.^^^ ihe amplitLide is 6.8 dB below the 20 dB/decade hue 
Above Fj.^^^lhe amplitude falls away rapidly- 
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Frequency/Time 



■ F^^^^^ can be estimated as 



^0^ T pulse rise time (lO^-^O'^J {or t\\\\ time) 

knao -J. 



■ F^^^^ f3 dB frequency) also used as F^^ 



ace 



p _ U. J3 less conservative: RL, RC first order circuits 

nun Y 
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Exercise 



How can we obtain F (3 dB) !n a first order circuit? 



max 



BOCpF 




K..= 



1 



.Idi? 



ijrRC IKT 



HclcnQ Sarmento 



ELENT-MEEC 



IS 



w 



I n Mi iFrtjio ii^fwip* TecN^cfl 



Exercise 







^=^-í. 



OIV —V -iv —V ] 

^' ' ' ra,^l 'filial V lip^l * unuo! } 



J mil ililllaS 



n QV =v —(v —V ]p 



r 



r = 



f = 



ln9 



1 In 9 1 0.35 



liTT In t. 
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Frequency/Time 



■ F^.^^^ is an imprecise measure thai can be used lo understand the 
performance of a high speed digital signal. 

■ F^.^^^ helps to classify frequency -sensitive Lispects in design as: 

- totally insignificant 

- merely worrisome 

- completely devastating. 



■ F^^^^ is the defined as the frequency bellow which most energy in digital 
pulses concentrates- 
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Frequency/Time 
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The important time domain characlerislics of any dtgilal signal are 
determined primarily by the signal's spectrinn bellow F^^^^: 

- Any circuit which us a Hal response up to and including F^^^ will pass a digital 
signal practically undiaioried, 

- The behavior above ^^^^ of a digital circuit will have liUle effect on how it 
processes digital signals. 
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F re qu e nc y /T i me 



500 pF 




Xil} jC 

1 tis 



Will lhe signal X(t) be distorted? 
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F re qu e nc y /T i me 



Frequency analysis 



X(t) J ' 



500 pF 



t{i) 




50(2^ P 



V(t) 



Yit) 



h„<= = b.yi MHz 



t 



1 Wti 



0.5 



F, = = 5x10" =5QQMHz 



The behavior of a circuit ai knee frequency determines its processing of 
step edge 
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Frequency/Time 



• Time analysis 



5aDpF 



KO) 




5fln-e R 



Y?) 



x^ = 



^ 2;r/,_C 2;r0.5C ;rC 



t= Ins, reactance is 0.6 n 
t = 5ns, reactance is 3 Í1 
t = 25ns, reactance is 15 £1. 



X(t) 



/ 




Ins 5 ns 



25 n& 



HclcnQ Sarmento 



ELENT-MEEC 



31 



pmtFnjTO íi^fíMP* TftCN^tfl 



Frequency/Time 



Sumraarizing: 

— Tlie response of a circuit at high frequencies affects its processing of 
sliort lime events. 

— Tlie response of a circuit at low frequencies affects its processing of 
long term events. 

— Most energy in digital pulses concentrates below the F^^^^ frequency 

— Tlie behavior of a circuit at F^.^^^ determines its processing of a step 
edge 

— The behavior of a circuit above F^^^^ hardly affects digital performance 
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Time/distance 



■ ElectricaJ signals propagate in wii'es al a speed thai depends on lhe 
surrounding medium: 



propagation delay (ps/in) 



wire 



5t 



— propagation velocity (in/ps) .^ t^O 

delayed edge 

• What is llie propagation delay and propagation velocity of air waves? 

85 ps/in ll.Sin/ns (3 XiO« ni/s) 

■ Propagation delay is proportional to the si|uare root of the relative dielectric 
constant of the surrounding medium 



Propagation deiay = 85J£'^ ps/in 
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Time/distance 



• Cables use foam and ribbed material to reduce the dielectric constant 



Dieleclric in$iiletoj 




Center cote 



Plastic jacket Metal shield 



Dielectric Type 


Time Delay (ps/in) 


Propagation Velocity (% of c) 


Solid Polyelhylene (PEJ 


129 


95.9 


Foam Po yethylene (FE) 


106 


60 


Foam Po yslyrene (FS) 


53 


91 


Air Space Polyethylene (ASPJ 


101-122 


84-88 


Solid Teflon (ST) 


122 


59.4 
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Lecture exercise 



• What is the prc^agation velocity' in a trace in FR4 PCB? Consider That 
FR4 has a relative dielectric constant of 4. 



Propagation velocity = 1 1.8/ 2 in/ns=^ 6in/ns 
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Time/distance 



■ Propagation delay on PCB depend on surrounding diefeclric constant 



Medium 


Propugalion delay (ps/in) 


Dielfclric conslanL 




FR4{oii[er trace) 


140-1 SO 


2.8-1^ 




hM4 {inner Lrace) 


180 


4.-'^ 




Alumina PCB. inner trace 


240-370 


8-10 





Outer traces sliaie their electric between the air on one side and the 
substiate nialeiial on the otiier side. The dielecliic cojislant will be halfway 
between I and 4.5. 

Propagation delay on PCB depend also on tiaces geometry . 
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Time/distance 



■ Traces geometry determines whelher lhe electric field stays in the board or 
goes into lhe air. 

Ex: microstrip 






I.I 
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iJJjJ 
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For the wide trace, most of tlie field lines will be in lhe dielectric between 
the ti'ace and the plane. Only a small percentage of Ihem above the trace are 
in the air. Since the propagation speed is slower in lhe dielectric, it is 
expected that the speed of the liirger tince will be slower. 
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Time/distance 



Summarizing: 

- Propiigalioiidehiy is proportional tolhe square rool of lhe dielectric 
constant 

- The propagation delay of signal tiaveling in the aii' is 85 ps/in 

- Outer layer traces propagate faster than Inner traces. 
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Lumped versus distributed systems 



The response of any system of conductors lo hd incoming signal depends 
greatly on whether the system is smaller than the effective length of the 
fastest electrical feiiture in the signal or vice versa. 

The effective length of arising edge, depends on the lime duration of the 
edge and its propagation delay: 

/ = length of rising edge in inches. 

\ = —j-=—-!^= 5 6 in ^'~ ^'^^ ^''^*^ ^'^ P^" 

D 180/1 O = propagation delay inps/inch Í.FR4 

180ps/in, 
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Lumped versus distributed systems 



Rising edge: 



D ISOp 
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Lumped versus distributed systems 



Vdf 


1 _F 


1 ^ 
J -^"^ - "J , , ] 



-ID in- 



Ò 



jm 



^ 



v 



Distiibiited s>'stejns: The pulse propagates along tlie trace, the potential is 
not uniform at all points- 
Classification (lumped or distributed) based in the ratio of die system size 
to rise-time size. 
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Lumped versus distributed systems 




-10 In- 



ITn 



-10 in- 



(J-'m 



ns 



Tns 



2 ns 



3 ns 



Ins 
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U J 



ns 

Tns 
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3 ns 

A ns 
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5.6 In 
Dt£inbEiiixL 



Lumped 



Dislribuied systems: The pulse propagates along lhe Irace. lhe potential is 
nol uniform at all poinls. 

Classification (lumped or distributed) based in lhe ratio of the system size 
lo rise-time size. 
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Lumped versus distributed systems 



§ 





■* 


— ICin- 










ona 






1 na ' 


— 




■ 




SHE 




' 




Sns 


-^ 








^ 






4 ns 






^T p au 




U * 

S.ein 


; 





1 in 



Cns 



1 ns 



2 ns 
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4nB 



position 

In adislribiiled circuit voltages and cuirenls are functions of position as 
well LIS time. 

Rule of thumb: if wiring is shorter than one-sixth of length of rising edge, 
the circuit behaves in a lumped fashion. 
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Lumped versus distributed systems 



Summarizing: 
— Length of rising edge 



7^ = rise time in ps. 

1 = — ^ D = proDiig at ion delay inps/inch. 

D 



— Wires less than — => lumped circuit 

6 
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Revising last lecture 



Wliy a wire in a cable or a trace on a PCB can not be considered a short- 
circuit for high frequencies? 

Wliat Lire lhe more obvious and common ways to make a signal lose its 
integrity? 

The knee frequency of a signal is al 250MHz. what information does it 
give to a digital system designer? 

What is Fknee? Is Fknee a precise measure? 

Does the knee frequency give any infojmalion aboiil the long-term 
response of the circuit? 

What is the difference between: 



3S 
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Revising last lecture 



Propagation of electrical signals depend on? 

- the medium ( Propagation delay = 85 ^ps/in) 

- geometry of wires 

Air waves propagation delay and propagation velocily? 



• Compaie propagation delay in outer and ijuier tiaces 

T 

• The length of a rising edge depend on? I = — ^ 

• Circuits with dimensions less than 1/6 are considered lumped circuits or 
distributed circuits? 

3* 
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Lecture exercise 



• A signal with arising edge of 3ns is passed on aFR4-PCB inner li-ace. The 
iTiiuimum size of U'aces in this PCB is 5 in. Can we analyze lhe circuit as a 
lumped circuit? 



1= ^" ^16.7^. 

5 ill >-=2JS in 

I 16.7 ^ 

- = = 2JSin 

6 6 



The circuit caniiot be analyzed as a lumped circuit (long traces). 
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Lecture exercise 



• If tlie rise lime is 6 lis, a 5 inch trace caji be analyzed as a lumped circuit? 



1= ^" =3X3 in 

5<- = 5.56 

6 6 



The circuit can be analyzed as a lumped circuit (small tiaces). 
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Lecture exercise 



A PCB trace has flnl frequency response up lo lOOMHz- 

1 . Find the shortest T^ of llie signal tliat passes this trace without 
distortion. 

2. Sketch the output of the PCB trace for a input clock edge with 

a) rise time T^ ; 

b) rise tiine miicli longer than T^ ; 

c) rise time much shorter than T^ 





F^- — <100MHz 




WQM 
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Lecture exercise 







' Ki'nifa! ~ ^ PCB ~ ' r V^'~ '^'^r 




' i^ifUfii ^^ 'pen ^ ! 'Wjmi 




I I 



I I 



^ sigfiai "^^ ^ PCB ~ ' r ^r 
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Reactance 



■ Four concepts separiile lhe study of high frequency to low speed digital 
circuits: 

- Ordinary capacitance (individual components): 

- Ordinary inductance iindiviclual components) 

- Mutual capacitance (between two wires closed to each other ) 

- Mutual inductance (between two curly wires) 

• Time analysis: in digital signals, reactance is analyzed using the step 
response Y(t). 



step source 



R 
-VA- 



IC3 



J<(1] 




Yffl 
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Reactance 



Time analysis: il is possible to see what happens when a pulse hits a circuit: 



- Resistors have flat response. 



Capacitors have a response that starts at zero and rises to a full-valued 
output 



- Inductors have a slep response that starts £il full value and decays back 
to zero 
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Reactance 



■ Willi the step response, il is possible lo emphasize the characteristics of a 
circuit eJemenl in a particiihir frequency range, 

— If the step rise lime is T^. lhe slep response neiu' t = is related lo Qie 
impeclimce magnitude neiir frequency F 

— Averaging the step response over a time inlerval, we can estimate lhe 
impedance magnitude at lower frequencies. 

— The fina] value of the step response indicates lhe impedance magnitude 
alDC, 
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Reactance 



The step response ot some circiiils elements display a capacltive effects 
when viewed al one lime scale and inductive characteristics al adifferenl 
time scale 

Adequately adjusting the rise time and the base step time, the step response 
can emphasize the behavior of a circuit in a pai'ticuliu' frequency range. 

Example: the mounting leads on capacitors have enough inductance to 
look inductive at high frequencies. In the step response, a tiny pulse can be 
seen al time zero. After, the response is a normal capacitive ramp. 
However, if the rise time is set two slow, the small spike can not be seen. If 
the scope base time is to slow, it is also easy to miss the spike that is to 
short. 
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Ordinary capacitance 



• Step response of a perfect capacitor 



Xfl] 



AA.'v ^ 




C YflJ 




vto^v„ 



Z[r = 0i = o 



ZLil->«i 
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Ordinary capacitance 



m 




R 



IN 



* 



í'ío=í:.^.-nw^ ' 



yi^)=y.^-^^-o.6^y,^ 



R 



'afinal Xflna! 
63% Ypnal - 
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Ordinary capacitance 



■ Ex: measurement of a capacitance to ground, using a pulse source and an 
oscilloscope 



CO a* i III cable 




coaxial cable 



icrmLnrnjon 
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Ordinary capacitance 






T = CR 



ill 



R,^ =[]000 + (50//50)]//(l00a + 50) = 5]S.7il 
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Ordinary capacitance 



R^^ {measured ) = 503 £1 



Xfinal = 63 inV 
63% Xfinai 




335 US 

T 



r 23.5/T ,^_ 
C = — = = 'X61 pF 

R 503 
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Ordinary inductance 



Step response of a perfect inductor 
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Ordinary inductance 
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Ordinary inductance 




*l ^Jinai ^*Jin,.l *^in/lini f^ 



e 



l2_ 

r 



V =V fl ' 

■^1 '^intHt'l ^ 






0,37xV,=l^^,^^ ^ 
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V{t^]=037V{t,)^f,-t, =r 



r-.-r. 
T = — — -~t^-i. 
In 2.7 - ' 



HclcnQ Sarmento 



F.LENT -MEEC 



52. 



w 



w^nrtiwo^^jFVi^o^'rtc^^^i} 



Ordinary inductance 



■ Ex: raensuremeiil ol inductance lo ground, using a pulse source and an 
oscilloscope. 



5cn 
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Pu'^e geilEFBlDf 
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'Eun 
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Time constant 



Si] n M n 
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i?^ =[l0//(50 + 39)i//50 
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tl t2 



/.-f, ~L4nj 



= f ti L = 1 .4w>t 7.6 = 1 0.6 nH 
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Ordinary inductance 



A better way to estimate the indaciance 




tl 12 






_[",(,),íí = l[/(«.)-í 
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Mutual capacitance 



Mutual capacitance: wherever there are two circuits Uwo wires). Voltages 
in one circuit create electric fields that affect the other circuit. Mutual 
capacitance decay rapidly with distance. 

Mutual capacitance is represented by a parasitic capacitor (C^, ) between 
the two c ire II its - 

A mutual capacitance injects a current 1^^, into cii'cuit B proportional to the 
rate of ch^mge of voltage in circuit A {simple approximation). 

7 =C '"'^ 






A more complete formula would use the difference in voltages between the 
two circuits and tlie effect of C load in both circuits. 



"M 



When the coupled noise voltage is less than 10% of the signal step size (on 
A), this approximation is accLuate to one decimal place. 



5S 

Hd en Q Sarmento ELENT-MEEC 



^ 



pmtFnjTO íi^fíMP* TBcN^tfl 



Mutual capacitance 



Ordinary capacitance versus mutual capacitance 

• Between wiie and ground between two wires 



cable 



+ 
VI 




1 X 



V2 




PCB 



'M 



tracA 



GUD 




hac* 



CM D 




Irece 



HclcnQ Sarmento 



F.LENT -MEEC 



56 



w 



I n Mi iFnjio ii^fwip* TecN^cfl 



Mutual capacitance 



Simple jpprojch / =C 



jU 






- The coupled current (lowing in C^ is much smaller than the prinioi'y current \n 
circuil A fCjj does not load circuit A). 
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circuil B 
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Mutual capacitance 



• Simple approach /,y —C 



\f 



dt 



- Tlie coupled signal voltage in circuit B is smaller than the signal in A 



V* 



elrcuFtA 



Ip. 



I I 

I I 

I I 

I I 




v.. - K - V, 



v., » V, 



voltage difference between A and B is just V ^. 



V - V = V 
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Mutual capacitance 



• Simple approach '.u 



I..=C 



M 



dr 



Tlie niLiliial capacitance represents a large impedance compaied to the 
impecliince to ground of circuit B. Interactions between C^, and circuit 
B can be ignored. 



r 

T 



V, 



cjrcLLit A 



I» 



Rf 



._J. 



■VW- 



Circuil B 



X7 



Rf, ini|3edance to GND 
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V„ =R. X I„ 
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Mutual capacitance 



Ex: measurement of mutual capacitance 
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Similar to inductance, measurement of mutual capacitance can be 
performed using area 






c. = 



area 



M 



V?„XAV 
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Mutual capacitance 

• Crosstalk: can be estimaled as a fraclion of V^ step. 



Coupled voltage in t 


;irciiil B /„ X Sg 




1 c ''^^ 

■" " dt 






For arise lime T^ 


dt r. 






Crosstalk(%)-'"'^'^" = 
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Mutual capacitance 



For multiple interfering soLirces: 

- eslimale the mutual capacitance for each pair 

— sum the fractional crosstalk from each source. 





r 
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1 
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crosstalk^^^^^^ = ^ crosstalk 
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Mutual capacitance 



R-, and R, grounded on the olher side: crosstalk reduced by a factor of 6 



D«>i*ca|.r 



Inultar 






U 



Rl - fiOfJ 
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Cerfliekir 
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-'■/■^r 



FiEcBLu 
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<■ 



■ 1 

SIIJ 



Ri=5Cn 



■fSLn 



- V^ divided hy 2 ( RV2 inparane! wiih R72) 

- 1^: I,, lotheprobeisíR3/2(/(R,+Rj (25/75=1/3) 



Mutual capacitance can not be avoided in a small highly packed PCB 
Therefore unused inputs should be connected to I or 0. 
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Revising last lecture 



nicrconncctjon I InlcrconnccrJon 2 luL^KonnccUonJ 




mjEinaL input JiLgnal 



chulpuT sEgnoí 



- intrinsic rise time of interconnections 1, 2 and 3 

- minimum rise lime thai the L[itercL"^nnecliot] can transmit 



■ Determine the F, frequency of lhe output signal 



F = 



O^ 



tí^.^t:í^t\^t:. 
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Exercise 



■ Determine the rise time of on intereonnection in order the increase of the rise time of 
a signal passing through the inlerconncction is less thon 10%. 



T- T 

rTfr n* 



T- 

i+-^<l-l- T, <0,337. 

4Tjr 



■ Rule of thumb T^. of the interconnection 50% 

• BW of interconnection twice tiie Fnee of the sienia] 
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Revising last lecture 



How to identify resistive, eapacitive and inductive behavior of a components 

based on the alep response (with a pulse generator and an oscilloscope)? 

How to measure capacitance lo ground based on the step response ^with a pulse 
generator and an oscilloscope)? 

How to measure niductance lo ground based on ihe step response iwilh a pulse 
generator and an oscilloscope)? __ 

What are Ihe approximations to consider 



i^=C, 
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Revising last lecture 



Wlieii multiple circuits are generating crosstalk on a circuit B whal is the 
total crosstalk on B? 



crosstalk, . , = ? crosstalk 
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Lecture exercise 



Buffers; 

— noise murgin nm^ = í\fí\^^ = 0.4 V 

— input inipe dunce R^^ = 10 Mil 

— oulpul impedance R^^^ = lOOil 
Power supply \^^ = 5 V 

V,„^ rise lime T^. 

CM = 0,5pF 



tiuffer. 



iTli 



B > 






c. 



buffer? 



iOa 



Switch at position '^ 

— Switch ."LI position A: derive ihe cross tialk relation between inl and out2. 

— Switch ai position A; cjiculate the shortest T^.of V^^^j that would not cause any 
noise lU out,. 

— Switch al position B: calculate lhe shortest Ti^cif V^^i, that would not cause any 
noise ai out,. 

— Switch S is at position C and consider T^= Ins, calculate lhe mminiuin value of 

C| ihai any noise at oiU^, 
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Lecture exercise 






V,!^; maximum value recognized as a "0" 
Vjj,: minimum value recognized as :l "I" 
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VilV, 
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Lecture exercise 



5V 



buffer! 



in< 



r Cb buffer? 



O 



B > 



birfferj 



c,=k 



□LII2 



-i? 



Switch at position A: derive the cross talk relation between in! and 
out2. 



c:ioastiJk(%)=i:„ 
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Lecture exercise 



5V 



buffer! 



in< 



r Cb buffer? 



O 



B > 



birfferj 



c,=k 



□LII2 



^ 



Switch at position A: calculate the shortest T^ of V^^^^ that would not 
cause any noise at out,. 



5>rL0"^ ... 5>íííslO"^ _ [15x10 
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0.4 > AV = 
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Lecture exercise 



5V 



buffer I 



in< 



r Cb huffer? 



O 



B 



birfferj 



c,=k 



□LII2 



^7 



— Switch at position B: calculate Itie shortest T^ of V^^, that would not 
cause any noise at oul^. 



^_^^ Q.5/.^[lQAf//IQQ| ^^^ ^750X 
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.4- 



Lecture exercise 



5V 
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r-C, 



AX™.=AV 



XcJ'K 
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iXfl iXf 






<0.4\' 



birfferj 



c,=k 
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V 



buffer I 



burfer? 



□LII2 



Switch S is ai position C and consider T^ = 1 ns. calculate the niinimiini 
value of C| that would not cairse any noise at oiil^. 

In 2x10^ 



j; 



'■^iinJ^'^P '^i^^^'^>^0-^P Tip JT 
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Mutual inductance 



• Mutual inductance: wherever there aie Iwo loops of cuiTcnt. The current in 
one loop creates a magnetic field that affects the second loop- Mutua] 
capacitance decay rapidly with distance. 

• Mutual inductive coupling between two circuits A and B acts as a tiny 
transformer connecting the circuits- 



Source of changino current 

^^^ 



CircLjilA(pnmary) 



U 



r ' 



ICJ 



F^ 



Low impedance 



Circuil B (secondary) 

* Yd) - 1^ 

Coupled noi^e vorcage 
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Mutual inductance 



• A niLitual incluclance L^, injects a noise voltage Y into circuit B 

proportional to the rate of change in current in A (simple approximation). 



Y-L "^ 



dt 



■ Quick changes in cii'cuit A induces large voltages in circuit B. Mutual 
inductance has great importance in high speed designs. 

■ A more complete formula would use llie difference in cuiTenls between the 
two circuits and the loading of primary and secondary windings in both 
circuits- 
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Mutual inductance 



Simple approach 

Y-L '-^ 
'• dt 



Sdufm cFcli3r>gLii9 currenl 



W 




Lq"^ impKlani"^ 



Cfrajii A (pnnigry] 



"LAJ.AJ 










Induced voltage across L^^, is much smaller than the primaiy signal 
voltage (Lj^r does not load A). 

The coupled signal current in B is smaller than the current in A (1^). 
Theietoie, the small coupled cunent in B can be ignored and assume 
thai lhe difference of currents in the coupling transform isl^ 

Secondary impedance is small compared to impedajice to ground of B. 
Interactions between L^^^ and the secondaiy circuit can be ignored. 
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Mutual inductance 



• Crosstalk can be estinialed as a frnctron of V^- 

Source orchineinç cunerl 
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_AV. 


dt 
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■^ ^ 



tprou^ e twccmcisry] 



— y , ^ ■■ vrti - H 

Low impHlarce | 

GauplEd noi^e voUagg 




^ 



Y L 

Crosstalk(%)= - ^ 
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Mutual inductance 



■ Ex: measurement of mutual inductance between two traces 
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Measiu'enienl of mutiiíd inductance can be perfbrnied using ai-ea 
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Mutual inductance 
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Measurement of mutual inductance can be performed using area 
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Mutual inductance 



• More accurate measurement includes subti'acting mutual capacitive 
interference 
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Mutual inductance versus mutual capacitance 



• Among high speed digital circuits, mutual inductance is often a worst 
problem than mutual capacitance- 
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V0J 
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ccrcurkA 



Mr] 

■ Muliinl capacitance effect on other circuits depending on: ^/ 



• Mutual inductance effect on other circuits depending on: i/f 
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Mutual inductance versus mutual capacitance 




i{r) = M^C^ 
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dt 



di[r)_ 1 dv{i)^^d\{t) 



di R dt 



dr 
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Mutual inductance versus mutual capacitance 
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When we halve the rise lime, we quadruple current variation with time 
(crosstalk). 

Interference Is more serioirs for shaip changing edges (T^ is small). 
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Revising last lecture 

Mutual inductance: 

Voltage Y injected by a circuit A into a circuit B (approximation); 

Y-L ^ 



di 



- Circuit A (R.) , ^ T 

^. . „ ^„\ Crosstalk % =-^^^^ 
Cii-cuitB(R,) R^^T^ 

crosstalk^j^f =/ crosstalk^ 



it 
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Revising last lecture 



Trmisilion at the oiilpul of a gate (RC load): 



— Mutual capacitance effect on other circuits depending on: 



Mf) 



dt 



AV 



T 

join ■■ r 



— MiLtual inductance effect on other circuils depending on: 



di{t) 



dt 



= \.52C 



^V 



IDIIK 



• Mutual inductance is often a worst problem than mutual capacitance 
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Ground Bounce 



Ground bounce is a transient voltage generated between two different 
points on the same return (ground) path, such as a package lead, a 
connector pin, different locations on the ground plane of a PCB: 

- CuiTent flowing in the ground planes inducing vollage drops, 

— Cunent transients flowing in tlie ground leads of an IC package 
causing the ground rail of an IC to move witli respect to ground on the 
PCB, 

J.. 




ClíAE 



J y^. ^^^^ ^y^yA ^^A'^ ^^^ ^y^^A ^^^. ^ ^^^^ ujJj^ 
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Ground Bounce 




4b0 



V. \k 




("Í i^J 



i^l'^-e 



Circuit (a): cuneiit flow in each branch is supplied and returns to the 
source thiough completeiy separated paths. 

Circuit (b): current flow in the two branches share acomnjon ground 

Circuits ia) iuid (b) identical at schemulic level (Kirchoff laws), but on the 
PCB can be significiuilly different. 

Circuit (b): connection at ( 1 ) or (2) can represent significant differences. 

Figuica rrcim [5] 
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Ground Bounce 




The hidden schenialic 






iWMffVf 




Figures from [5] 
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Ground Bounce 



«5^1% R]V,, |flE 




^, 



FB 



Implementing routing with completely sepai'ate paths in high density PCBs 
is cumbersome 



Figiuca from [5] 
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Ground Bounce 



Ground plane: in fact retiu'n plane. Lfniess return plane is physically 
connected to eiirth. it reaJly has nolliing lo do with ground. 

We usually use the ground symbol, but 




we want !o indicate common return connections. 
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Ground Bounce 



IEEE/ ANSI Standard Ground symbols 



\7 

RshiriT 



Eann GUD 



Chassis GNO 



Earth ground: A direct connection to eartti. a direct connection to vehicle or 
airplane frames that serves the siime function as earth ground. 

Return: used to indicate common return connections. 

Chassis GND: a connection to a chassis (physical frame or structure of a 
multi component device. May be completely different from eai'th ground. 
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Ground Bounce 



Bounce used to Impiy thai the voltage on a node of acircuit moves with 
respect lo some other node. 

Tf atransienl voltage is generated on lhe return path, any signal paths that 
use this path as pajl of their return will see the transient ground bounce 
voltage as noise. The ground bounce voltage noise will appear on alJ signal 
lines that shai'e the common retuiJi path. 



"Fimjrc I'rom 14] 93 
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Ground Bounce 



Bounce used to Impiy thai the voltage on a node of acircuit moves with 
respect lo some other node. 

Tf atransienl voltage is generated on lhe return path, any signal paths that 
use this path as pail of their return will see the transient ground bounce 
voltage as noise. The ground bounce voltage noise will appear on alJ signal 
lines that share the common retuin path. 



"wK 



hiiB"*'"" 



FlHIUIlHIE 



^■Bj 


J 


^^^^^J 


J 

) 


^^ 


) 


^^^^^■J 


'I 



^^ 



Prti» 



Htrlcnn Sarmento 



■ Figure Irom [4J 



ELINT-MEEC 



S3 



^ 



pmtFnjTO íi^fíMP* TftCN^Cfl 



Exercise 



■ Ground bounce is a form oi'crosslaJk: it is not clue to mutual inductance 
or mutual capacitance, but due to a shared return path. 

• Consider an HCMOS circuit in a 20 pin DIP (20 pin DIP: 3.4- 13.7 nH) 
with aground pin inductance of í3.7jiH. What is the value of ground 
bounce if one pin where a voltage switching edge of 2 ns drives a peak 
cunent of 20 mA? 

V = L = 13. /n = 15/ mV 

dt In 

■ If 8 pins change simultaneously? 
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Packaging 



Almost aJI packages suifer from problems with lead induclance and lead 
capacitance when used at high speeds. 



Man)' types of packages: 

Examples: .' -.vy, \ 



]aTÍ<igMJB 




Hixjning 



III! 
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Packaging 



■ DIP (dual in-line package) 

- leads penetrate lhe PCB siiii'ace 




PI[L^aí: 14 pjns 





Ccrmidc DIP 



HclcnQ Sarmento 



ELENT-MEEC 



9fi 



■jln pmtFnjTO í^^fwip* Ttc^^a 

Packaging 



• SMD (surface mount devices) 

- leads do nol penetrate lhe PCB siiri'ace 

- ICscan be mounted on both sides tor higher densit}' 




niM^if bn' I •iihi:»'^^[^in 
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Packaging 



QFP(quadflatpacks) 

- plMstic or ceramic bodies having leads on all 4 
sides 

- SMT 




PLCC (Plastic Leaded Chip Cairier ) 

- Surface mounl lechnology (SMTj or PLCC 
sockets for tnie hole technology 
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Packaging 



PGA (pin grid arrays) 

- Ceiiimic slab with one fiice covered, or 
partJaJJy covered, in a square array of melal 
pins 




BGA (ball grid aiTays) 

- pins are replaced by balls of solder stuck to 
the bottom ol'the package 



^Vv,^-' 






r ~-rm 



r ^ r > 4 rr^ V r 



1--.-^ '^^ -1" 
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Packaging 



CSP (chip scale package): lower pitches than BGAs 




"h ltp:^^ncpp , nasa.goyfi ndcK_nasfl,cf m/779/ 
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Packaging 



CSP (chip scale package): stacked CSP and ^IBGA 




1IJ' 







SUfSDf 



EwBU 



Wireless 




iHdBcattKt 




VI 1ilC 

UfTvn in mm 

1fi-WUipnH+ BkT an* nonm 



h up ^/www .inicl xo m/design/pKkl tchAZ H_ 15.pdf 
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Packaging 



|IBGA 



1:0iFitn 



Slacked CSP 



F 



3illcor> D If 



J 



Í'- ■ l■■^ 



XJnlj^JXnjnjr 



T^nim PItcTi 



EliiS3Urin?rL:Jj<iH!iM[mon ílTsi^nHniníta 
CTEcf diB A PCB to provida 
«i^rll?Mn«ll«aENiv. 




I 4nkm 



Silicon DíE 



Silicon Dit 



^^5 




.^nmr Phch 



hlLp ://\k^ w Wxi nlcl .c:uni/dcfciigii/p ac Ji_lcch/C H_ 1 5.pdf 
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Packaging 



Packaging techniques to reduce lead inductance: special wire bond, tap 
automated bonding (TAB), flip-chip. 

■ special wire bond 



PCBbacea 



o 


GOO 


o 


Q 


o 





o 


□ O 



top view 



chip 




side view 



PCB 



unsealed chip 

chip mounted face up 

wires connect PCB traces to chip pads 

result sealed wilh a blob oK coaling material or covered wiih a hermetically 
sealed lid over Uie entire cii^iiit board 
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Packaging 



tap automated bonding 







llf' 


o o o o 
D Cl 

o 
O a o 









- unsealed chip on a flex circuit 

- chip mounted J'ace up 

- wii-es connect flex traces to chip piids and fles circuit traces to PCB 

- result sealed with a blob of coaling material or covered with a hennetically 
sealed hd ovei' llie entire circuit board 
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Packaging 



flip-chip 



cNp 




PCB 



side view 



top view 

— Solder balls placed on each chip atlachmenl pad 

— Top side of the chip tuined down onto the PCB mounting aiea and 
solder balls then re-melted . 

— Good electiiciJ behavior: bond length very small 

— Mechanical ajid thermal problems: no mechanicaJ compliance between 
chip and PCB reciuiiing close match of thermal coefficients of 
expansion. 
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Packaging 



■ Lead inductance and lead capacitance of some logic packages 



14-pin plustic{DlP) 


SnH 


4pF 


68-pin plastic (DTP) 


35nH 


7pF 


suiface mount PLCC 


7nH 




wire Ixiunded to hybiid substiate 


InH 


IpF 


Solder bump to hybrid substrate 


0.1 nH 


O.iipF 



Ground lead inductance is a strong fiinclion of the package type. 

Larger packages have more lead inductance. 

Surface-mounted packages with shorter pins aie [ess susceptible to this 
problem 
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Ground bounce 



Ground bounce: Iransienl vollage generated between two different points 
on the same return path. 




LQAA 



B closes: C discharges 



'i-Piiii — f-' 



dl.. 



GWf} "-"CND 



I 



dt 



Gi'ound bounce: voi iation on iiiti^rn^l ground 
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Ground bounce 



GTJD 



is noise supeiimposed on the input 




v^,=f{v,) 



V =V -V 



A rise in V^^^p has the same 



effect thai a fall in V 



C LOAD 



in 
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Ground bounce 



■ Ex: double clocking error 

- TTL octal D FF driving a bank of 32 memory chips {DIP package) 








Do 

Da 
D. 


Ob 

o. 






- r^ 
fa 

-I 

_ -< 

: llnE = 


lESD 


pf tolil 


















I^Q- selup time l3ns} 














l|,-ho]d lime £1 ns) 

Ij - gale propagalioji delay (3 ns) 


























pel 




c 


LK 


5 


PF 
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Ground bounce 



D [0:7] = FF 



QfD;7| 




'CUCI 



DticK-V 



/ ^ 
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Ground bounce 



D [0:7] = ^^ - 


-* D [0:7] = 


= 00 








OpTf 






H 








X" 


Ff 








N^ 


/TX^T^ '^^ 




DP71 


-<s>- 




t. 


^ 


/ = /^ =^ FF ^ 00 


. -^ ^^ w 






^^S- 1 LAJ^q-*^ ^V^ 




GLK 






J 


1 


erroui^LJsdula Juli:hL4] 


\ 


/ 


y_ 






V«..n 




\ 


^ 
















CrDCh-\tljn 






1 




^\_ 


/ 


\^ 


A" 










BCD 
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Exercise 



■ Four signal lines in a riilegraled circuit share the siime return lead. The 
total impedance environment is 50 ii and a total inductance for the return 
or ground lead is 2 nH. The rise time of the signal is 0.5 ns. Determine llie 
relative ground bounce. 



di 



''^ 






nXL 


4^2fi 


r,xz„ 


0.5nx50 



= 32% 
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Exercise 



Determine the ground bounce voltage for a 74HCTCMOS gale in DIP 
package, due tolhe change one outpul from "I" to "0". Consider load 
capacitance of 20 pF. 



L/V(f) di{i) ^./^(/J 



i(t)=c^-^^^ ::i^ = c 



dt dt dt^ 



V 



I.52AK _„.„.„ 3 .,10 



-20 






Ti^ Aln- 10"" 
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Ground bounce 



Ground bounce can be n serious problem in high speed design. To reduce 
ground bounce: 

— Increase (if possible) the rise time. The lOK ECL family incoiporate 
CLi'cuitry to do this- 

— Reduce the net inductance of return path: 

• use as shoit traces as possible: in TSOP and simiJai' lead packages 
use the center leads; use CSP piickages if possible: use the pins in 
the shortest row of right angle connectors 

■ Use as wide conductors as possible. Virtex-4. Viitex-5. Emd 
Spaitan-3 include internal ground planes or multiple ground wires 
spread around the chip 

■ Bring the signal path as closed to return path as possible. In 
connectors and lead packages, return leads shall be evenly 
disdibuted among the signal leads. The worst thing to do is to put 
all signals at one end and all the returns at the other end. 
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Revising last lecture 



What is ground bounce? 

What is the diffejence between retiirn path and ground? 

Why packaging greatly influences grotnid bounce? 

Why special wire bond, tap automated bonding (TAB ) Eind tlip-chip 
reduces ground bounce? 

How CSP (Chip Scale Packaging) reduces ground bounce? 

How can ground boimce be reduced? 
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Exercise 



Consider on-chip wires where wire inducTance can be calculated by: 




L='' 



2j: \w 4/J 



2x 
^ is \ht magnelic ptfmitfubitity oJ ihe maLerial 



h =12000 A" 



a) Consider Ihe circuit of the figure where Vj^^ and V^^ are connected to the gale by 
wires of 5 )Jm width ^md I cm of length, being h. Draw the equivalent circuit 
illustrating the paiasitic inductance connecting the source gate lemiLnals. 

b) Determine ground bounce and W^^ bounce when tlie output diivei' sources 10 niA 
in 1.5 ns. 
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Exercise 



cm. 5 wm 



V 



DD 



Vss 




Pkd 



1.257x10"^, fSxnOOOxlO"'^' 
L = In 4- 



5x10 



2j: 



5x10 



4x12000x10 



-a D 



= l3.9"f///m;n 



L_, =13,9X10 = 139 /i// 



V 



DD 




j-rrrry 



Vss 



AA/v 



JVifVv 




^DD-AX 



i^ 



VSS-AV T'^ L 
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Exercise 



L =139 uH 



V 



DD 




-TYYWT- 



V 



Vss 



AM, 



jviryvx 




"^DD-AX 



PbÚ 



* ..________, 



Vss -AY T 



AX = AY = V, = 139 X IQ-' X— = 926 m V 
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